Intact spheroplasts of the cyanobcterium (blue-green alga) Anacystis nidulans oxidized various exogenous c-type cytochromes with concomitant outward proton translocation while exogenous ferricytochrome c was not reduced. The H'/e-stoichiometry was close to 1 with each of the cytochromes and did not depend on the actual rate of the oxidase reaction. Observed proton ejections were abolished by the uncoupler carbonyl cyanide m-chlorophenylhydrazone. Cyanide, azide, and carbon monoxide inhibited cytochrome c oxidation and proton extrusion in parallel while dicyclohexylcarbodiimide affected proton translocation more strongly than cytochrome c oxidation. The cytoplasmic membrane of A. nidulans appears to contain a proton-translocating cytochrome c oxidase similar to the one described for mitochondria.
It is widely accepted that cyanobacteria-like organisms were the first that introduced bulk amounts of free oxygen into a previously anaerobic biosphere through plant-type, oxygenic photosynthesis. Thus their impact on the evolution of life on earth was tremendous (1, 2) . Obviously, they had to be among the first to elaborate some type of aerobic respiration as well (2) . Yet, very little is known about respiratory electron transport in cyanobacteria (13, 20) . It is generally assumed that respiratory and photosynthetic electron transport assemblies are located together in the ICM2 (thylakoid membranes) possibly sharing some common components (15, 20) . Additional respiratory activity has been suggested to be associated with the CM in Anacystis nidulans (cf. 13).
Spectrophotometric and inhibitor studies have indicated the respiratory Cyt c oxidase in particle preparations derived from several cyanobacteria to be an aa3-type enzyme, and a number of similarities between the cyanobacterial and the mitochondrial (mammalian) Cyt c oxidase have been pointed out (4, 16; cf. 10 ).
Recently we reported on the oxidation of exogenous c-type Cyt by intact spheroplasts of A. nidulans (17) . The present investigation analyzes some functional characteristics of this reaction ' Supported by grants from the Austrian Science Foundation and the National Institute of Health Grant GM-18528.
2 Abbreviations: ICM, intracytoplasmic membrane (thylakoid membrane); CM, cytoplasmic membrane (plasmalemma); CCCP, carbonylcyanide m-chlorophenylhydrazone; DCCD, N,N'-dicyclohexylcarbodiimide, TMPD, N,N,N',N'-tetramethyl-p-phenylenediamine; d.w., dry weight.
which apparently requires a CM-bound Cyt oxidase, and which was found to be intrinsically coupled to outward translocation of protons. Proton-translocating Cyt oxidase in mammalian mitochondria has been amply documented by Wikstrom and coworkers (5, 22, 23) . A brief account of the present findings has been published (14) .
MATERIALS AND METHODS Growth of Organisms. Axenic cultures of A. nidulans (strain 1402-1, Gottingen, FRG) were grown in modified medium D of Kratz and Myers (7) in a turbidostatically operated New Brunswick Bioflo fermenter, model C30, at 1 kw/m2 warm white fluorescent light, 38°C, and a constant pH of 8.2 as previously described (17) . The cell population was adjusted to late logarithmic growth conditions and maintained for at least five generations (approximately 30 h). Then the growth vessel was darkened and the cells were kept respiring in the dark for another 12 h after which time the cells were harvested by centrifugation and washed twice with sterile growth medium (pH 8.2, carbonate omitted). The preceding dark period of endogenous respiration ('starvation') afforded better reproducibility of the proton movements displayed by the spheroplasts (e.g. cf Table III) .
Preparation of Spheroplasts. Washed cells were suspended in a medium containing 0.4 M mannitol, 30 mm KCI, 10 mM Na2EDTA, and 25 mM Hepes-phosphate buffer (pH 8.0). The suspension was gently stirred at 4°C for 3 h in the dark, followed by centrifugation at 4C (2500g, 10 min). The pellet was washed twice with the same medium (EDTA omitted), and resuspended herein at a final cell density of E70"'n,. = 1.5 after adjusting pH to 6.9 with a few drops of 1 N HCI. Lysozyme was added (0.5%, w/v) and the suspension was incubated, with occasional shaking, at 37°C for 7 h in the dark after which time almost 100% spheroplasts had formed as checked under the phase contrast microscope. The spheroplasts were centrifuged at 4°C (900g, 20 min), washed twice with lysozyme-free medium, and finally resuspended in the assay medium containing 0.4 M mannitol, 20 mM KSCN, 30 mm KCI, 0.1 mM Na2EDTA, 0.5 mm N-ethylmaleimide, 50,ug/ml carbonic anhydrase, 7.5,g/ml oligomycin, 0.8 gg/ml valinomycin, and 1 mM Hepes-KOH buffer (final pH 7.2). The suspensions were immediately used for the assay of proton-pumping Cyt oxidase. Absence Yamanaka.
RESULTS
Reductant Pulse Experiments. The oxidation of reduced horse heart Cyt c by aerobic spheroplast suspensions (Fig. IA) was accompanied by an acidification of the medium (Fig. 1, B and C). CCCP only slightly affected the rate of Cyt c oxidation (Fig.  IA, trace b) , while it completely abolished any proton ejection; instead, alkalinization of the medium occurred as a result of scalar proton consumption in the cell (4H+ + 4e-+ 02-2H20) (Fig. 1, B and C, traces b) . From initial rates of Cyt c oxidation and H+ ejection given in Figure 1 , H+/e-stoichiometries of 0.86 (Fig. 1, A and B ; pH electrode) and 0.90 (Fig. 1, A KOH, pH 7.2; not shown). H+/e-ratios of 1.10 and 1.04 are calculated from the data of Figure 2 using the pH electrode (Fig.  2B ) and the spectral shift of absorption of phenol red (Fig. 2C) , respectively, to monitor pH changes.
Oxygen Pulse Experiments. Figure 3 shows the spectrophotometrically determined oxidation of reduced horse heart Cyt c (A) and Cyt c-supported oxygen uptake (C) by intact spheroplasts of A. nidulans following the addition of oxygen to anaerobic suspensions. H+ ejection was measured with a pH electrode (Fig.  3, B and D, traces a) , CCCP again prevented any initial proton extrusion (Fig. 3, B and D, traces b) while it hardly influenced the rate of Cyt c oxidation (Fig. 3A, trace b) . A H+/e-ratio very similar to the one derived from spectrophotometric determination of Cyt c oxidation (viz. 0.83; Fig. 3, A and B) was obtained using the rate of oxygen uptake by spheroplast suspensions in presence of reduced Cyt c, in this case correction had to be made for endogenous oxygen uptake by the spheroplasts in the absence of added electron donors (Fig. 3C, trace a) . However, when oxygen uptake was measured in presence of excess ascorbate (8 mM ascorbate plus 2 Mm horse heart Cyt c as electron mediator, Fig. 3C , trace b) and compared with concomitant proton ejection (Fig. 3D, trace a) the resulting stoichiometry was 1.3 H+/einstead of 0.87 H+/e-in the absence of ascorbate (Fig. 3, A Similar results were obtained when Cyt c was replaced by TMPD either as a bulk electron donor (Fig. 4, A and B) or as an electron mediator between ascorbate and the CM-bound Cyt oxidase of the spheroplasts (Fig. 4, C and D) . Resulting H+/eratios now were 0.95 and 1.38 in absence and presence of ascorbate, respectively. Table I summarizes the proton-translocating redox reactions measured with intact spheroplasts of A. nidulans using reduced horse heart Cyt c, ferrocyanide, TMPD, and ascorbate as electron donors and/or mediators.
Oxidation of Different c-Type Cyt. oxide all depressed Cyt c oxidation and H+ ejection in a strictly parallel way. High levels of neutral salts, e.g. 0.15 M KCI, known to interfere with Cyt c binding to the Cyt oxidase, acted similarly (cJf 4, 16). However, DCCD inhibited proton translocation much more strongly than Cyt c oxidation. DCCD is a well-known inhibitor of membrane-bound ATPase and is believed to plug proton channels (3, 18 Tables II-IV) , rather tight coupling of the two processes must be assumed. Thermodynamically, it is difficult to invoke some other respiration-linked proton extrusion across the CM under the conditions used here as the reaction would have to be somehow stoichiometrically inserted into the narrow potential span between Cyt c and the membrane-bound Cyt oxidase.
Initial proton ejection in the coupled Cyt c/Cyt oxidase system ofA. nidulans spheroplasts always corresponded to about 1 H+/e-which is believed to be the theoretical stoichiometry of the mitochondrial H+-translocating Cyt oxidase (22, 23) . The 50% elevated H+/e-ratios in presence ofascorbate are attributed to the extra 0.5 H+/e-released during ascorbate oxidation at neutral pH (Table I) .
Ferrocyanide has been used as a reductant (through endogenous Cyt c; cf 6, 19) to the proton-translocating mammalian Cyt oxidase, and H+/e-ratios were shown to be independent of the amount of ferrocyanide added, i.e. of the absolute rate of the Cyt oxidase reaction (5) . Similar independence is apparent from the results with A. nidulans using different c-type Cyt (Table II) or different pH values (Table III) . In vivo, a recently identified periplasmic c-type Cyt (17) could function as an electron donor to the CM-bound Cyt oxidase ofA. nidulans.
Inhibition of the Cyt oxidase reaction by KCN, NaN3, CO, and high concentrations of neutral salts always led to strictly parallel inhibition of proton translocation. By contrast, DCCD affected proton translocation more strongly than Cyt c oxidation. DCCD thus appears to block a proton channel in the oxidase enzyme while still permitting some residual 'uncoupled' electron flow from Cyt c to oxygen through the enzyme. The action of DCCD certainly differs from that of a classical uncoupler such as CCCP as shown by the characteristically different H+/e-ratios obtained with either compound (see Table IV ). Similar results have recently been obtained with mammalian Cyt oxidase (3, 18) . The uncoupler CCCP abolished any vectorial proton translocation accompanying the oxidation of exogenous Cyt c, ferrocyanide, or TMPD without affecting the rate ofoxidation proper. This indicates that CCCP effectively prevented build-up of the proton gradient across the CM, while no such gradient was needed for Cyt c oxidation to occur, nor was its formation ratelimiting for the reaction. CCCP renders the membrane freely permeable to protons, which are consumed by the scalar Cyt oxidase reaction in the cell (4H+ + 4e-+ 02 -+ 2H20; lH+/e-) thus leading to net alkalinization of the medium.
Qualitatively, differential reactivities towards the different ctype Cyt and inhibitor sensitivities of the spheroplast-catalyzed reactions were similar to those recently characterized with isolated membranes (4, 16) . Thus, it is likely that CM-and ICMbound Cyt oxidases of A. nidulans are chemically identical, presumably of aa3-type (4, 10, 16) . Quantitatively, the different overall rates of oxidation obtained with intact spheroplasts and isolated membranes, respectively (cf Table II ), may simply reflect the different proportions of CM and ICM in the cell rather than inherently different activities of the CM-and ICM-bound enzymes (17) . Figure 5 attempts to summarize schematically our present knowledge of electron and proton movements in or across the membranes of the cyanobacterium A. nidulans.
